Abstract: Agriculture accounts for most of the renewable freshwater resource withdrawals in Malawi, yet food insecurity and water scarcity remain as major challenges. Despite Malawi's vast water resources, climate change, coupled with increasing population and urbanisation are contributing to increasing water scarcity. Improving crop water productivity has been identified as a possible solution to water and food insecurity, by producing more food with less water, that is, to produce "more crop per drop". This study evaluated crop water productivity from 2000 to 2013 by assessing crop evapotranspiration, crop production and agricultural gross domestic product (Ag GDP) contribution for Malawi. Improvements in crop water productivity were evidenced through improved crop production and productivity. These improvements were supported by increased irrigated area, along with improved agronomic practices. Crop water productivity increased by 33% overall from 2000 to 2013, resulting in an increase in maize production from 1.2 million metric tons to 3.6 million metric tons, translating to an average food surplus of 1.1 million metric tons. These developments have contributed to sustainable improved food and nutrition security in Malawi, which also avails more water for ecosystem functions and other competing economic sectors.
Introduction
Water scarcity and food insecurity are among the major challenges facing humankind today. The two cannot be studied separately as water is the key resource for food production, and crop production is the largest global consumer of freshwater resources [1] [2] [3] . With the ever growing world population, urbanisation and limited water resources, there is an increasing need worldwide for improved water resources management. Thus, producing more food per each drop of water is crucial to address both challenges of water scarcity and food insecurity [4, 5] . Improving water use efficiency or enhancing crop water productivity is a critical response to increasing water scarcity, including maintaining sufficient water in rivers and lakes to sustain ecosystems and to meet the growing demands of cities and industries [6] .
Water productivity (WP) is the ratio of the net benefits from agricultural systems (crop, forestry, fishery, livestock and mixed farming) to the amount of water consumed [7] . It reflects the ability to produce more food and income, while improving livelihoods and ecological benefits at less social and environmental cost per unit of water consumed. Therefore, WP can simply mean growing more food or gaining more agricultural benefits with less water [7, 8] . There are two main types of WP, physical and economic. Physical WP is the ratio of the mass of agricultural output to the amount of water consumed,
Materials and Methods

Study Area
Malawi, a Sub-Saharan country in southern Africa, is located between latitudes 9 • 22 S and 17 • 03 S and longitudes 33 • 40 E and 35 • 55 E with a surface area of 118,480 km 2 . Approximately 94,276 km 2 of this surface area is land and the rest is water, mainly Lake Malawi. It is bordered by Tanzania to the north and northeast, Mozambique to the south and southwest, and Zambia to the west. About 94% of the land area in Malawi is part of the Zambezi River Basin. The remaining 6% falls within the small internal drainage basin of Lake Chilwa. Major crops grown in Malawi include maize, wheat, groundnuts, sorghum, millet, pulses, rice, root crops, vegetables, fruits and tobacco, among others. Maize is the staple crop.
There are four recognised main physiographic zones in Malawi, namely, The Highland, The Plateau, The Escarpment and The Rift Valley Floor. Its sub-tropical climate is relatively dry and strongly seasonal. The warm-wet season stretches from November to April, during which 95% of the annual precipitation is received. Annual average rainfall varies from 725 mm to 2500 mm with Lilongwe having an average of 900 mm, Blantyre 1127 mm, Mzuzu 1289 mm and Zomba 1433 mm. However, the rainfall pattern is generally erratic, which poses a significant threat to agricultural production and economic growth.
Malawi's population, currently estimated at more than 16 million [18] , is spread across three regions, Northern, Central and Southern, and these regions are further divided into 28 districts. About 79% of the population lives in rural areas depending on agriculture. As a result, Malawi is still predominantly an agricultural-based society and agriculture dominates the land use classifications for the country. The landuse/cover map of Malawi is shown in Figure 1 . 
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Study Area
Malawi, a Sub-Saharan country in southern Africa, is located between latitudes 9°22' S and 17°03' S and longitudes 33°40' E and 35°55' E with a surface area of 118,480 km 2 . Approximately 94,276 km 2 of this surface area is land and the rest is water, mainly Lake Malawi. It is bordered by Tanzania to the north and northeast, Mozambique to the south and southwest, and Zambia to the west. About 94% of the land area in Malawi is part of the Zambezi River Basin. The remaining 6% falls within the small internal drainage basin of Lake Chilwa. Major crops grown in Malawi include maize, wheat, groundnuts, sorghum, millet, pulses, rice, root crops, vegetables, fruits and tobacco, among others. Maize is the staple crop.
Malawi's population, currently estimated at more than 16 million [18] , is spread across three regions, Northern, Central and Southern, and these regions are further divided into 28 districts. About 79% of the population lives in rural areas depending on agriculture. As a result, Malawi is still predominantly an agricultural-based society and agriculture dominates the land use classifications for the country. The landuse/cover map of Malawi is shown in Figure 1 . Although Malawi has vast water resources covering more than 20% of its land area, the recurrence of extreme weather events such as drought and flooding in recent years has resulted in increased food and water insecurity. The country is water stressed with less than 1700 m 3 of freshwater per capita [19] , and estimates for future water are less than 1000 m 3 per capita by 2020, which places the country into the water scarce category [20] . Most of its surface water resources flow to neighbouring countries and groundwater resources remain largely untapped as agriculture is mostly rainfed. Only 1% of runoff water is captured for later use [21] . This provides an opportunity for implementing improved in-situ agricultural water management interventions like harvesting rainfall or field runoff that result in more soil moisture that could be used to bridge the intra-seasonal dry spells and increase crop yields.
Definition of Crop Water Productivity
Water productivity (WP) is a measure of the ability of agricultural systems to convert water into food [22] . Therefore, crop WP is a measure of output from a given agricultural system in relation to the water it consumes, and may be measured for a portion or the entire system [23] . It is expressed as:
The agriculture benefit, the numerator in Equation (1), refers to the actual harvested yield expressed in units of mass like kilograms (kg), or it could refer to the monetary value (income) of that yield expressed in dollars. In this study, the total crop production of an agricultural system and the agriculture gross domestic product (Ag GDP) were used to calculate WP as a measure of mass and income, respectively. The denominator of the crop WP equation is described as water that is directly consumed by crops, which is often termed as actual or crop evapotranspiration (ET c ). Water that is supplied to a crop field, but not consumed by the crops, should be excluded from calculating crop WP. For this reason, the measure of water supplied to a crop field cannot be effectively used to calculate crop WP. A way to measure water that is entirely consumed by crops is through crop evapotranspiration. Crop evapotranspiration is the consumption of water through evapotranspiration, which is incorporated into a product and cannot be readily reused [7, 24] . Therefore, in this study the denominator of Equation (1) refers to crop evapotranspiration.
In this study, crop WP was calculated with respect to the amount of water directly consumed by crops in both rainfed and irrigated cropping systems through crop evapotranspiration (ET c ) [25, 26] and expressed in volumetric units (m 3 ) and depth (mm). Crop WP is a measure of efficiency of the crop production process [27] . The main distinction when calculating WP is therefore to differentiate between water applied to an agricultural system and water consumed by it [23] . ET c therefore, is the amount of water that is entirely used by crops. This distinguishes WP from water use efficiency (WUE) and makes WP more conservative and comparable across temporal and spatial scales [25, 28] , making it a more useful parameter for assessing agricultural benefits derived from water use.
Moreover, WP is represented in units of kg/m 3 , whereas crop productivity (CP) is measured in kg/ha and water use is estimated as mm of water applied or received as rainfall, converted to m 3 /ha (1 mm = 10 m 3 /ha). Alternatively, it may be represented as food (kcal/m 3 ) or its monetary value (US$/m 3 ).
Estimating Crop Evapotranspiration (ET c ): Water Consumed
At a field scale, ET c is an integral part of field management decision support tools that are used in irrigation planning and scheduling. The long-term average ET c was obtained from the yearly actual evapotranspiration (ET a ) of the Moderate Resolution Imaging Spectroradiometer (MODIS's) Global Evapotranspiration Project (MOD16) [29] Figure 1 . A constant annual average ETc, expressed in mm/yr. for each of the agricultural systems was estimated by averaging the ETa of each system using the zonal statistics tool in ArcGIS, which was run on the cultivated land and ETc maps. The zonal statistics tool returns the average ETc of each zone (rainfed and irrigated), presented in Figure 2a , from each corresponding ETc pixel value (Figure 2b ) of either rainfed or irrigated areas. The method excluded forested and other landuses that are not crops as indicated on Figure 2a , which shows only irrigated and rainfed areas. The ETa for cultivated land represents the water used by crops and it is referred to as crop evapotranspiration (ETc). The calculated ETc accounted for all crop types, as it was calculated from the cropped area map and ETc map represented in grid format. Each grid of the ETc map has a unique value averaged over a long period of time. The developed ETc dataset (mm) was converted to volumetric units (km 3 or m 3 ) by multiplying the cultivated land area for each year and the ETc for the respective agricultural system. The ETc for each agricultural system, cultivated area (combined irrigated and rainfed), irrigated and rainfed landuses was calculated to evaluate their efficiency in WP.
(a) (b) 
Estimating the Agricultural Benefit: Production
The outcome of an agricultural system can be expressed either as yield (kg or t), food equivalent (kcal.) or revenue (US$). The physical WP was calculated using statistical data on crop production and crop area obtained from the Ministry of Agriculture, Irrigation and Water Development [31] . The economic WP was calculated using data on agriculture gross domestic product (Ag GDP) obtained from the World Bank's World Development Indicators [32] . The physical and economic data, together with the ETc for the individual agricultural system, were used to estimate WP in kg/m 3 or kg/ha/mm and US$/m 3 or US$/mm, respectively, using Equation (1). 
The outcome of an agricultural system can be expressed either as yield (kg or t), food equivalent (kcal.) or revenue (US$). The physical WP was calculated using statistical data on crop production and crop area obtained from the Ministry of Agriculture, Irrigation and Water Development [31] . The economic WP was calculated using data on agriculture gross domestic product (Ag GDP) obtained from the World Bank's World Development Indicators [32] . The physical and economic data, together with the ET c for the individual agricultural system, were used to estimate WP in kg/m 3 or kg/ha/mm and US$/m 3 or US$/mm, respectively, using Equation (1).
Crop Data Collection and Analysis
The study assessed crop WP of all crops grown in Malawi, as a sum of total annual production between 2000 and 2013. The study separated the crop WP of irrigated and rainfed areas and compared the performance of the two agricultural systems. The ET c was therefore calculated as an average of all crops and not for a single crop in particular. A long-term average ET c for the years was evaluated, and not for a particular year. The data on annual crop production for both rainfed and irrigated areas were obtained from the Ministry of Agriculture, Irrigation and Water Development of Malawi through a questionnaire. The questionnaire asked information on total area cultivated and total crop production from 2000 to 2013. Although maize is the major cereal grown and consumed in the country, other crops grown include wheat, groundnuts, sorghum, millet, pulses, rice, root crops, vegetables, fruits, and tobacco, among others.
Results
Crop Evapotranspiration (ET c ) of Cropping Systems
The cultivated land (map a) and ET a (map b) of Malawi are presented in Figure 2 . The two maps were used to estimate ET c . The white sections in the agricultural land area map (map a), labelled as other landuses, are excluded from calculated ET c as they were occupied by other landuses which were not crops. On the ET a (map b), the areas with evapotranspiration values higher than 1100 mm were areas generally occupied by water bodies and were also excluded from calculating ET c .
The average annual ET c calculated for each agricultural system of rainfed, irrigated and combined cultivated land were 834.7, 902.5 and 842.6 mm, respectively. These average ET c values represent water that was consumed by crops in each of the agricultural systems. However, the total ET c changed annually with the changing cropped area when converted to volumetric units (Tables 1-3) .
The ET c was evidently higher in irrigated areas relative to rainfed areas as crops were not stressed in irrigated systems as water was applied in timely increments before the crop was stressed compared to rainfed where crops are stressed during dry periods. Although the ET c for both rainfed and irrigated agricultural systems increased with the increasing cropped area annually, crop water consumption was evidently better managed in irrigated than rainfed agriculture. This was demonstrated in Table 1 where both water and crop productivity were always higher in the irrigated than rainfed system. 
Comparison of the Water Productivity in Rainfed and Irrigated Systems
The differences in the physical WP of irrigated and rainfed systems for every year between 2000 and 2013 are shown in Table 1 . As expected, the rainfed WP was lower than irrigated WP, due to better control of water supply to the field, provided that water is available from the source or storage. Physical WP in the irrigated system increased by 50% between 2000 and 2013, whereas in the rainfed system, it increased by only 33% during the same period. This difference demonstrates that more yield is being produced in irrigated agriculture per each unit of water consumed than in rainfed agriculture. This was as a result of better management practices, including better control of crop water supply in irrigated agriculture. This was supported by the higher increasing rate of crop productivity (CP) in irrigated agriculture as compared to that of rainfed agriculture (Table 1) . Crop productivity increased by 59% in irrigated agriculture, but in rainfed agriculture, it increased by only 40% during the same period between 2000 and 2013. However, the results indicated that more water was still being directed towards the agriculture sector as the overall ET c increased by 27% between 2000 and 2013.
Crop WP calculated from the total crop yield, that is the total crop production from both irrigated and rainfed agricultural systems is presented in Table 2 . Although the combined WP increased annually, it was far below the irrigated agriculture WP alone as illustrated in Figure 3 . The total combined crop WP fluctuated over the years due to the recurrence of floods and drought in the country. These climate calamities affected mostly the rainfed system because of non-existent agricultural water management practices. The combined crop WP increased by 33% between 2000 and 2013, far below the increase of 59% observed for irrigated agriculture during the same period.
total combined crop WP fluctuated over the years due to the recurrence of floods and drought in the country. These climate calamities affected mostly the rainfed system because of non-existent agricultural water management practices. The combined crop WP increased by 33% between 2000 and 2013, far below the increase of 59% observed for irrigated agriculture during the same period. The combined WP trend-line from cultivated land was almost the same as the rainfed agriculture WP trend-line in shape and values (Figure 3 ), indicating that rainfed WP contributed significantly in reducing the combined WP. The irrigated WP trend-line was well above both the rainfed and combined trend-lines. The gap between the irrigated and rainfed WP trend-lines continued to widen over time as irrigated WP continued to improve, further demonstrating better water management practices in irrigated agriculture.
The revenue (income) that was being generated annually per every unit of water used expressed in US$ is presented in Table 3 . The economic WP increased by 30% between 2000 and 2013. The revenue ( Table 3) per unit of water consumed increased variably over the years because of various climatic events that affected the country's rainfed system. Nevertheless, in later years, more revenue was being realised with less water than in previous years. The performance of the economic WP over the years in relation to physical WP is indicated in Figure 3 . The economic WP was highly dependent and correlated with the performance of the physical WP. If physical WP is high, more crops are being produced per every unit of water consumed, and this means that more economic value will also be realised per every unit of water consumed.
Discussion
Despite Malawi's vast water resources, water scarcity is commonplace due to current water management practices, changing climate, and increased urbanisation. Major factors for improved crop WP in Malawi include: (a) the use of improved agronomic practices; (b) investment towards smallholder farmers; and (c) the expansion of the smallholder irrigated area. For example, the Malawi Agricultural Input Subsidy Programme (MAISP), now called the Farm Input Subsidy Programme (FISP), allowed smallholder farmers to purchase fertilisers, improved varieties and other chemicals at subsidised prices, thereby enabling them to produce more yield per unit area [19, 33] . Improved agronomic practices promoted high crop WP, indicating that yields will only improve if other stresses (e.g., nutrient deficiencies, weeds and diseases) are also alleviated or removed [14, 34] . Government policies and investment in Malawi are promoting an expansion in the acreage of smallholder irrigation schemes [19] . Malawi has recently experienced a revitalisation of old and dysfunctional irrigation schemes as well as the development of new ones. In 2005, smallholder irrigation schemes had a total area of 15,988 ha, but increased to 42,986 ha in 2011, representing an increase of 169% [19, 21, 31] . Consistent with the increase in land under smallholder irrigation schemes, total crop production from irrigated areas increased from 443,715 tons to 1,693,920 tons (an increase of 282%) over the same period [19, 31] . The combined WP trend-line from cultivated land was almost the same as the rainfed agriculture WP trend-line in shape and values (Figure 3 ), indicating that rainfed WP contributed significantly in reducing the combined WP. The irrigated WP trend-line was well above both the rainfed and combined trend-lines. The gap between the irrigated and rainfed WP trend-lines continued to widen over time as irrigated WP continued to improve, further demonstrating better water management practices in irrigated agriculture.
Despite Malawi's vast water resources, water scarcity is commonplace due to current water management practices, changing climate, and increased urbanisation. Major factors for improved crop WP in Malawi include: (a) the use of improved agronomic practices; (b) investment towards smallholder farmers; and (c) the expansion of the smallholder irrigated area. For example, the Malawi Agricultural Input Subsidy Programme (MAISP), now called the Farm Input Subsidy Programme (FISP), allowed smallholder farmers to purchase fertilisers, improved varieties and other chemicals at subsidised prices, thereby enabling them to produce more yield per unit area [19, 33] . Improved agronomic practices promoted high crop WP, indicating that yields will only improve if other stresses (e.g., nutrient deficiencies, weeds and diseases) are also alleviated or removed [14, 34] . Government policies and investment in Malawi are promoting an expansion in the acreage of smallholder irrigation schemes [19] . Malawi has recently experienced a revitalisation of old and dysfunctional irrigation schemes as well as the development of new ones. In 2005, smallholder irrigation schemes had a total area of 15,988 ha, but increased to 42,986 ha in 2011, representing an increase of 169% [19, 21, 31] . Consistent with the increase in land under smallholder irrigation schemes, total crop production from irrigated areas increased from 443,715 tons to 1,693,920 tons (an increase of 282%) over the same period [19, 31] . Tables 2 and 3 , respectively. The high WP in 2008 was attributed to high crop yields achieved that year in relation to the proportion of the cropped area, which was relatively smaller than the other years (i.e., increased crop productivity). The cropped area decreased in 2008 as some of the cultivated areas were affected by flooding that year. Nevertheless, crop production from areas not affected by flooding performed quite well as the country managed to export some food crops such as maize [19, 31] . Exportation resulted in high revenues in 2008 as there was an increase in world crop prices [35] . Crop and water productivity increased as agronomic practices were improved when the government provided subsidised fertilizers and other chemicals to smallholder farmers during that agricultural season.
Timely intervention in the smallholder farming sector is resulting in improved crop WP and increased crop production, which has boosted incomes and food security. For example, total maize production alone increased from 1.2 million metric tons during the 2004/05 season to 3.6 million metric tons in 2012/13 season (an increase of 200%) [19, 21] . The benefits of the interventions have transformed Malawi from a net importer to a net exporter of maize since 2006 to date.
The rainfed WP values for Malawi, calculated for this study, were between 0.29 kg/m 3 and 0.4 kg/m 3 , which are slightly lower compared to other global studies that found WP values ranging from 0.35 kg/m 3 to 1.1 kg/m 3 [14, 36] , suggesting there is still room for WP improvement in Malawi. The use of satellite data to calculate crop evapotranspiration not only enabled calculating WP of a data scarce country, but it also improved the results of previous studies.
Conclusions
The need to mitigate the challenges of limited land, water scarcity and food insecurity in Malawi requires the sustainable production of more food with relatively less water and land. As an agro-based economy, the agriculture sector will always withdraw the bulk of freshwater resources. In Malawi, the option of increasing rainfed area is not feasible as land is limited due to its small extent of arable land. Thus, technical and policy support in introducing crop varieties suitable for a changing climate, promoting rain water harvesting and conservation as well as improving agronomic practices are the most viable solutions for improving physical and economic water productivity of rainfed agricultural systems. Intensifying irrigation and improving agronomic practices in the rainfed systems will improve WP and will provide more water for other multiple users downstream. This will allow for more water to be allocated to other economic sectors such as energy generation and environmental flows to support other ecosystems. Improving WP through expanding or intensifying irrigation (with an average WP of 0.43 kg/m 3 ) is probably the best option as most of the existing agriculture land is rainfed, (with an average WP of 0.29 kg/m 3 ) given the limited land in Malawi. Although irrigation expansion may result in more water consumed by the agriculture sector, which will deprive other sectors of the scarce resource, it is inevitable since the economy is agro-based, and any deprivation of water in the agriculture sector may affect economic performance. Promoting rain water harvesting techniques could also provide an additional source of water for providing supplementary irrigation during dry spells. This, combined with better irrigation scheduling techniques, such as deficit irrigation, could translate to improvements in water use efficiency. This would allow for an expansion in irrigated agriculture without adding significantly to the current withdrawals from agriculture. Thus, irrigation agriculture should be supported by improvements in water use efficiency.
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